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Hybridization efficiency analysisIn this article, we report on a label-free real-time method based on heat transfer resistivity for thermal monitor-
ing of DNA denaturation and its potential to quantify DNA fragments with a specific sequence of interest. Probe
DNA, consisting of a 36-mer fragmentwas covalently immobilized on a nanocrystalline diamond surface, created
by chemical vapor deposition on a silicon substrate. Various concentrations of full matched 29-mer target DNA
fragments were hybridized with this probe DNA. We observed that the change in heat transfer resistance upon
denaturation depends on the concentration of target DNA used during the hybridization,which allowed us to de-
termine the dose–response curve. Therefore, these results illustrate the potential of this technique to quantify the
concentration of a specific DNA fragment and to quantify the hybridization efficiency to its probe.
© 2014 Elsevier B.V. All rights reserved.1. Introduction
Because of its outstanding material properties such as high thermal
conductivity, chemical inertness and electronic properties, diamond
has proven itself as an excellent platform for biomedical research [1]. In-
trinsic diamond also displays a high chemical and electrochemical sta-
bility as well as a wide band gap (5.5 eV) [2–4]. In recent years, major
developments have been made in the field of DNA electrochemical bio-
sensors leading to the development of field-effect sensors [5–7] and
sensors monitoring electrical surface properties such as impedance [8]
or capacitance [9]. In previous work it was established that monitoring
the changes in heat transfer resistance of a nanocrystalline diamond
(NCD) surface, which was functionalized with specific single-stranded
DNA probes, can reveal information about DNA duplex stability [10].
The thermal conductivity over the functionalized interface was ana-
lyzed by monitoring the temperature difference between the copper
heater underneath the NCD sample and a liquid compartment above
the sample. Thermal energy transfers from the copper to thewatermol-
ecules via the phonons in the diamond lattice, while heat transfer along
theDNAbrushes is based onmolecular vibrations [11]. The temperature
difference between these two compartments can be directly used to de-
termine the heat transfer resistance of the interface [12]. The difference2 11 26 8813.
).in geometrical configuration between dsDNA (rod-like shape) and
ssDNA (sphere-like shape) was hypothesized to lead to an increase
in the surface coverage on the NCD sample upon denaturation, in-
creasing the thermal resistance at the interface. Stability information
received from this technique in the form of melting temperatures
was proven to be accurate enough to detect single-nucleotide poly-
morphisms (SNPs) in target DNA sequences. As such, this technique
can allow for the development of a fast, cost-effective, straightfor-
ward and label-free biosensor to detect hereditary diseases caused
by single-nucleotide polymorphisms such as Parkinson [13], Alzheimer
[14], phenylketonuria [15] and specific types of cancer [16]. Other pos-
sible applications include bacterial identification, based on sequence
polymorphisms in the 16S rDNA gene sequence [17] or the detection
of plant pathogens in agriculture [18], bacterial contaminants during
food production [19,20] or human pathogens in patients [21,22]. Recent
evidence has shown that the techniquemight also be used for quantita-
tive detection of target DNA [23]. This was done by restricting hybridi-
zation to a range of specific areas of the NCD-coated chip surface
(25%, 50%, 75% or 100%). The resulting correlation between the effect
size (ΔRth) and the amount of surface coverage can be considered as
an analogue to a dose–response curve. Linearity of this curve proved
that this is a promising method to measure the concentration of a spe-
cific gene sequence. Elaborating on these results, this studywill focus on
obtaining an actual dose–response curve by exposing a complete NCD
surface to an increasing concentration of target DNA (5 pmol/μl,
10 pmol/μl, 20 pmol/μl and 100 pmol/μl). The chosen probe DNA
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the exon-9 fragment of the phenylalanine hydroxylase (PAH) gene.
The aim of this article is to gain insight in the target concentration
to effect size ratio and to determine whether further optimizations
are necessary for this technique to be used as a way to measure
DNA concentrations.
2. Experimental
2.1. Coating of the chip with nanocrystalline diamond
Doped (10–20 kΩ cm) 10 × 10mm2 p-type crystalline siliconwafers
(100) were seeded with a water-based colloid of ultra-dispersed deto-
nation (nano)diamond. On this silicon substrate, nanocrystalline dia-
mond films with thicknesses of ~300 nm and grain sizes of 100 nm
were grown using microwave plasma-enhanced chemical vapor depo-
sition (MPECVD) in an ASTEX reactor equipped with a 2.45 GHzmicro-
wave generator. This was achieved using a standardmixture of 15 sccm
methane gas (CH4) and 485 sccmhydrogen gas (H2) under a pressure of
45 Torr (60 hPa) and a temperature of 750 °C, with the microwave
power set to 4000 W. Under these conditions the growth rate is
~390 nm/h.
2.2. Preparation of the sensor surface for DNA attachment
The diamond surface was hydrogenated at 700 °C during 30 s at
3500Wunder a pressure of 12 kPa and an atmosphere of 1000 sccmhy-
drogen gas (H2) [24]. Covalent attachment of the amino-modified probe
DNA using the zero-length linker 1-ethyl-3-[3-dimethylaminopropyl]-
carbodiimide (EDC) requires a carboxyl (COOH) terminated surface.
For this purpose, the hydrogen terminated diamond surface was cov-
ered with a thin film of unsaturated fatty acid (10-undecenoic acid)
under inert atmosphere and covered with a quartz-glass slide before
being exposed to UV radiation (254 nm, 265 mW/cm2) for 20 h. The
carbon–carbon double bond of the unsaturated fatty acid chain breaks
and a covalent bond with the hydrogen terminated diamond is
established. This photochemical grafting technique is presumablymedi-
ated by photoemission from the surface [4,25]. The remaining unbound
fatty acid was washed off using acetic acid at 120 °C and warm Milli-Q
water. The thickness of the resulting fatty acid layer is about 2 nm [26].
2.3. Attachment of probe DNA to the surface
The selected probe was a 36-mer single stranded DNA (ssDNA),
consisting of the 29-mer the exon-9 fragment of the phenylalanine
hydroxylase (PAH) gene and a poly(A) tail, amino-modified at its 5′
end (3′-CCA AGC CCC CAT ATG TAC CCG ACG TCC CC–A AAA AAA
C6H12–NH2-5′). Covalent coupling to the carboxyl-terminated
surface was done using the zero-length linker EDC in a 2-[N-
morpholino]-ethanesulfonic acid (MES) buffer (pH 6) at 4 °C for 2 h
[27]. Unbound probe DNA was removed in three washing steps. In the
first and second steps, the samplewaswashedwith phosphate buffered
saline (1× PBS) of pH 7.2 for 5 min. Third, the sample was washedwith
2× saline sodium citrate (SSC) with 0.5% sodium dodecyl sulfate (SDS)
for 30min. Finally, the samplewas rinsedwith a 1× PBS solution before
being stored in 1× PBS at 4 °C.
2.4. Target hybridization
The selected target was a full-match 29-mer single stranded DNA
modified with Alexa Fluor 488 at its 5′ end (5′-GGT TCG GGG GTA TAC
ATG GGC TGC AGG GG-3′). First, 6 μl of a selected concentration was
added to 14 μl 1× PCR buffer, 20 μl of this mixture was used to cover
the complete NCD sample. In the next step, the sample was incubated
at 35 °C for 2 h to allow hybridization to take place. During hybridiza-
tion, the sample was kept under a saturated water vapor atmosphereto avoid evaporation of the reaction liquid. Any non-specifically bound
target DNA was removed in two washing steps. Therefore, the sample
waswashedwith 2× SSC+0.5% SDS for 30min. Subsequently, the sam-
ple was washed with 0.2× SSC at 30 °C for 5 min and with 0.2× SSC at
room temperature for 5min. Finally, the samplewas rinsedwith 1× PBS
of pH 7.2 and stored in PBS at 4 °C [28]. To avoid denaturation of newly
formed dsDNA during washing, a low salt concentration in comparison
to the hybridization buffer and awashing temperature of 5 °C below the
hybridization temperature were used.
2.5. Heat transfer resistance measurement setup
The general principle of the heat transfer method (HTM) is shown
in Fig. 1. The whole system centers around an adjustable heat source
attached to a copper block. The heat source transfers a thermal cur-
rent through a NCD chip (1 cm2) that was attached to the copper
block using a very thin layer of conductive silver paste. This whole
assembly was then screwed to the flow cell using a rubber O-ring
separator to achieve a good seal between the NCD chip and the liquid
chamber. The contact area between the chip and the liquid compart-
ment was 28 mm2. The temperature of the copper block, T1, was
stringently stabilized during the measurement using a PID controller
(P = 1, I = 8, D = 0.1) while the temperature in the liquid beneath
the NCD chip, T2, was monitored. Also the voltage applied to the
heat source, needed to keep T1 at the programmed temperature,
was recorded. The heating power, P, can be calculated by dividing
the squared voltage by the resistance of the heat source (22 Ω).
From the temperature difference T1 − T2 and the heating power P,
the heat transfer resistance can be derived from Rth = (T1− T2) / P
[12,29].
2.6. Target concentration to effect size ratio
Four different concentrations of target DNA were used to create a
dose–response curve. The concentration of target DNA in the stock solu-
tion was similar to that in previous work (100 pmol/μl) [10,23]. This
stock solution was diluted respectively 5, 10 and 20 times. The ranges
of concentrations used are thus 100 pmol/μl, 20 pmol/μl, 10 pmol/μl
and 5 pmol/μl. For each concentration the change in heat transfer resis-
tance upon temperature ramping was measured. At the start of the
measurement, T1 was held constant at 35 °Cwhile during themeasure-
ment it was increased to 85 °C at a rate of 1 °C/min and decreased at the
same rate to 35 °C by changing the heating power accordingly. This
heating/cooling cycle was performed two consecutive times.
3. Experimental results
The goal of this experiment was to analyze the effect of varying
the concentration of target DNA on the change in heat transfer resis-
tance upon denaturation. Hybridizing the probe DNA to solutions
containing a decreasing amount of target DNA allowed for the crea-
tion of a dose–response curve. The heat transfer resistance as a func-
tion of T1 for all concentrations is shown in Fig. 2 (data has not been
filtered). The initial Rth of the double stranded DNA for the undiluted
concentration (black line) is around 7.23 °C/W ± 0.07 °C/W which
increases to around 8.56 °C/W ± 0.16 °C/W upon denaturation at
its inflection point at a temperature of 60.5 °C ± 0.1 °C. In the case
of the 5× diluted concentration (red line), the initial Rth is around
7.57 °C/W ± 0.06 °C/W and increases to around 8.81 °C/W ±
0.05 °C/W at its inflection point at an identical temperature of
60.5 °C ± 0.1 °C. Hybridizing the surface using the 10× diluted con-
centration (blue line) results in an initial Rth value of 8.04 °C/W ±
0.07 °C/W that increases to 8.67 °C/W ± 0.04 °C/W upon denatur-
ation. Finally, with the 20× diluted concentration (green line) one
can find an initial Rth value around 8.54 °C/W± 0.06 °C/Wwhich in-
creases to around 8.73 °C/W±0.05 °C/W. The Rth inflection point for
Fig. 1. Schematic layout of themeasurement setup, allowing for themonitoring of DNA denaturation bymeasuring the heat transfer resistance. Probe DNA is covalently immobilized on a
diamond-coated silicon substrate. The cell isfilledwith 1× PBS buffer. A thermocouple is used tomeasure the temperature of the copper (T1),which can be actively controlled using a PID-
controller (P=1, I= 8, D= 0.1). The liquid temperature (T2) ismeasured by a second thermocouple. The parameters needed to calculate the heat transfer resistance are the temperature
difference T1− T2 and the input power P provided by the heating element.
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60.5 °C ± 0.1 °C.4. Discussion
The results show that the heat transfer resistance increases as the
NCD samples are hybridized with lower concentrations of target
DNA. This can be explained by an increase in the amount of probe
DNA that is still in its single stranded form after hybridization. It
was previously reported that ssDNA has a higher heat transfer resis-
tance in comparison to dsDNA when attached to a surface [10]. This
difference was hypothesized to be caused by a difference in geomet-
rical configuration, where ssDNA has a spherical shape as opposed to
dsDNA, which has a rod-like shape at the fragment lengths used in
the experiments. Denaturation causes a conversion of dsDNA to
ssDNA and as such explains the increase in heat transfer resistance
around the melting temperature of the selected probe DNA se-
quence. As a consequence, lower changes in heat transfer resistance
correspond to a lower amount of hybridization on the sample. The ef-
fect size of the change in heat transfer resistance (ΔRth (%)) can be calcu-
lated using formula (1), where Rth (40–60 °C) and Rth (70–80 °C) are theFig. 2. Heat transfer resistance as a function of temperature when the NCD is hybridized
with a 100 pmol/μl (undiluted), 20 pmol/μl (5× diluted), 10 pmol/μl (10× diluted) and
5 pmol/μl (20× diluted) concentration of target DNA.average heat transfer resistance before and after denaturation
respectively.
ΔRth %ð Þ ¼ Rth 70−80 Cð Þ–Rth 40−60 Cð Þ
 
=Rth 40−60 Cð Þ
 
 100 ð1Þ
The calculated effect sizes for the different concentrations were re-
spectively 20.83 ± 0.37% (undiluted), 15.79 ± 0.49% (5× diluted),
7.41 ± 0.43% (10× diluted) and 3.57 ± 0.29% (20× diluted). These
values were plotted on the correlation graph between the amount of
hybridization surface coverage (DNAhybr) and the size of the change in
heat transfer resistance obtained from the previous study [23], which
can be seen in Fig. 3. Looking at this, one can clearly see that the changes
in target concentration do not correspond to equal linear changes in the
expected hybridization surface coverage necessary to achieve the same
effect size. For instance, going from a concentration of 10 pmol/μl to
20 pmol/μl results in a bigger change than going from a concentration
of 20 pmol/μl to 100 pmol/μl. In short, using this method to measure
DNA concentrations is not as straightforward as it appeared to be.
Other effects might start playing a significant role when the probes onFig. 3. Black full boxes and line show the correlation between the amount of hybridization
surface coverage (DNAhybr) and the size of the change in heat transfer resistance. DNAhyb
is the area of the surface that ismaximally hybridizedwith target DNAwhile the rest of the
surface only contains un-hybridized single stranded probe DNA. Blue open circles with
corresponding concentrations are the current results plotted on the same line to deter-
mine the corresponding surface coverage necessary to achieve the same effect size.r
Fig. 4. Dose–response curve: change in heat transfer resistance plotted against the target
DNA concentration. The solid line was calculated using an exponential fit algorithm.
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DNA.
Fig. 4 shows the dose–response curve thatwas constructed using the
concentration-dependent results and an exponential fit (ΔRth (%) =
20.97–25.04 × exp(−DNAconc / 14.28); R2 = 0.98), with DNAconc in
pmol/μl. A linear relationship exists for concentrations between
5 pmol/μl and 20 pmol/μl. However, at values above 20 pmol/μl the
Rth signal starts to saturate, indicating that all available probe DNA frag-
ments are hybridized with target DNA. Further increasing the concen-
tration of DNA will not increase the amount of DNA duplexes prior to
denaturation and will therefore not cause an increase in effect size. As
a consequence, the DNA concentration in unknown samples must stay
below this limit in order to be reliably measured by HTM.
Expanding the curve to lower concentrations shows that aminimum
concentration of 4 pmol/μl is required to be able to detect a change in
heat transfer resistance. Although state-of-the-art detection platforms
display a much higher sensitivity, down to single-molecule detection
levels [30], these techniques are usually very expensive, involve fluores-
cent labeling and need to be used in a lab environment. Depending on
the application our set-up can offer a low-cost, fast and label-free alter-
native. Optimizing the signal-to-noise ratio might enhance the mea-
surement range in the future. However, further optimization of the
NCD sample surface functionalization is definitely necessary to allow
this method to be used for concentration measurements. Peterson
et al. already demonstrated that the probe density on a surface influ-
ences the hybridization efficiency [31]. The probe density on the NCD
samples used in this study is 8 × 1012 probes/cm2. The calculated hy-
bridization efficiency (formula (2)) for the different concentrations of
the target DNA is shown in Table 1. The average efficiency in the
range that is usable for concentration measurements is 7.95 ± 3.75%.
In the study of Peterson et al. a different substrate and linker were
used to attach DNA probes to the surface, which has an effect on the ef-
ficiency of the system. Keeping that inmind, the hybridization efficiency
for the probe density used in this study is comparable in both studies.
Lowering the density to 2 × 1012 probes/cm2 and preheating beforeTable 1
Calculated hybridization efficiencies for the different concentrations of target DNA.
Target concentration (pmol/μl) 100
# targets 3.61 × 1014
# probes 8 × 1012
Target/probe 45.17
Signal strength (%) 100
ΔRth (%) 20.83 ± 0.37
Efficiency (%) 2.21hybridization, as proposed by Peterson et al., could therefore signifi-
cantly improve the hybridization efficiency.
Hybridization efficiency %ð Þ
¼ Signal strength %ð Þ= #targets=#probesð Þ  100ð Þð Þ  100 ð2Þ
Steric hindrance at high concentrations in combination with the
electrostatic repulsion caused by the negatively charged DNA back-
bones is a likely explanation for the reduction in hybridization efficiency
at high probe densities. High target concentrations might even increase
these effects to the point where there is so much competition between
the different target sequences that sometimes neither gets hybridized
to the probe on the surface. Improving the hybridization efficiency
might improve the LOD and saturation limit for themethodology, there-
by increasing the dynamic range.
5. Conclusions
This study confirmed the possibility of using a method based on
heat transfer resistivity to measure the concentration of a specific
gene of interest, although further optimizations are necessary. The
possibility to measure concentrations of a specific target sequence il-
lustrates the potential of this technique to be used as a user-friendly
alternative to determine the level of contamination with pathogens
in food and drinking water production as well as clinical diagnostics
and environmental studies. Moreover, this technique enables the
calculation of the hybridization efficiency of a target DNA fragment
to the probes.
Prime novelty statement
The work presented in this article clearly demonstrates that the
relatively novel HTM can be used for the quantification of DNA frag-
ments of interest. In addition, the authors demonstrated that the hybrid-
ization efficiency to DNA probes, immobilized onto a nanocrystalline
diamond surface, can be calculated using this technique.
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